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a b s t r a c t
Eucalypts are among the most important short-rotation hardwoods, planted worldwide for the pulp and
paper industry. Even though the genus comprises over 700 species, only about a dozen species are used for
pulping purposes, therefore, showing the potential for diversification. Six-year-old eucalypt trees from 12
species (Eucalyptus botryoides, Eucalyptus camaldulensis, Eucalyptus globulus, Eucalyptus grandis, Corymbia
maculata, Eucalyptus ovata, Eucalyptus propinqua, Eucalyptus resinifera, Eucalyptus rudis, Eucalyptus saligna,
Eucalyptus sideroxylon, and Eucalyptus viminalis) were analyzed for chemical composition, fiber morpho-
logical, pulping and handsheet paper properties to determine their kraft pulping suitability. The 12 species
showed substantial differences regarding extractives (6.1–18.9%), lignin (21.6–30.8%) and holocellulose
content (55.4–70.1%). The high inter-species variation in chemical composition produced pulps with dif-
ferent yields (between 38.9 and 49.8%) and degree of delignification (kappa number between 11.6 and
24.2). The combination of these results with the morphological and handsheet properties suggests that
E. globulus, E. ovata, E. grandis, E. saligna and E. botryoides have the best overall characteristics for kraft
pulping.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The Eucalyptus genus comprises over 700 species and hybrids,
having originated from natural forests mainly in Australia, but also
in Indonesia and Papua New Guinea (Boland et al., 1992; Gonzalez
et al., 2011). Due to their rapid growth and wood quality, several
of these species were selected and planted worldwide as short-
rotation forests for industrial and commercial purpose, initially for
pulp and timber but also as renewable source for energy (Knapic
et al., 2014; Guo et al., 2002; Ferreira et al., 2013).
Eucalypts are presently among the most important planted
hardwoods with 18 million ha in 90 countries under temper-
ate, tropical and subtropical climate conditions (Rockwood et al.,
2008). Different species are grown in different countries, accord-
ing to the adaptability to the weather and soil conditions, with
Eucalyptus globulus and Eucalyptus nitens planted in temperate
regions of Portugal, Spain, Argentina and Chile, Eucalyptus grandis,
Eucalyptus saligna and different hybrids in some South American
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countries, China, South Africa, among others (Forrester et al., 2010),
Eucalyptus tereticornis and Eucalyptus camaldulensis in India and
Thailand (Terdwongworakul et al., 2005; Kumar et al., 2010), Euca-
lyptus macarthurii and Eucalyptus smithii in South Africa (Little
and Gardner 2003), Eucalyptus regnans, Eucalyptus fastigata and
E. nitens in New Zealand (Kibblewhite et al., 2000a). Despite the
genus variability, only four species (E. grandis, Eucalyptus urophylla,
E. camaldulensis and E. globulus) and their hybrids comprise 80% of
the world plantations (Rockwood et al., 2008).
One of the major uses of eucalypt wood from these short-
rotation forests is as raw material for the pulp and paper industry,
due to tree fast growth, high pulp yield and high quality short fiber-
pulp with great physical and optical properties (Kordsachia et al.,
1992; Kibblewhite et al., 2000b; Ona et al., 2001; Paavilainen, 2000).
In spite of the large variety of eucalypt species only approximately
a dozen are used for commercial pulpwood.
Several studies have addressed the pulping ability of the major
species currently used in pulp and paper production, but less or no
attention has been given to the majority of the species in the genus.
A variety of studies is found in the literature, some regarding the
morphological and anatomical characteristics of the wood and their
relation to pulping and pulp quality (Pirralho et al., 2014; Santos
http://dx.doi.org/10.1016/j.indcrop.2014.12.016
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et al., 2008 Wimmer et al., 2002, Ona et al., 2001; Kibblewhite,
1999), chemical composition or delignification process (Khristova
et al., 2006; Neiva et al., 2014), and comparison between different
species on pulping ability (Dutt and Tyagi, 2011; Clark and Hicks,
2003; Kibblewhite et al., 2000b; Foelkel et al., 1975; Barrichelo and
Foelkel 1976).
In order to determine the pulp and paper potential of a par-
ticular species, several parameters must be studied. It is known
that the raw material chemical composition, anatomy, morphol-
ogy and pulping process and conditions influence the pulp and
paper properties, and ultimately determine its quality and appro-
priate end-use. Pulp yield and degree of delignification (i.e., kappa
number) are two key-parameters to describe the wood’s kraft pulp
potential (Khristova et al., 2006), but alone are insufficient to deter-
mine the quality of the pulps produced and the fiber morphological
and handsheet properties must also be known.
In the present work, we studied six-year-old Eucalyptus botry-
oidesEucalyptus botryoides, E. camaldulensis, E. globulus, E. grandis,
E. maculata, Eucalyptus ovataEucalyptus ovata, Eucalyptus propin-
quaEucalyptus propinqua, Eucalyptus resinifera, Eucalyptus rudis, E.
saligna, Eucalyptus sideroxylon, Eucalyptus viminalis and compared
their wood chemical composition and kraft pulping ability, includ-
ing fiber morphological and handsheet properties. The results
provided information on the pulp and paper potential of these
species. The overall objective was to contribute to enlarge the raw-
material basis for the pulp and paper industry with new potential
crops, thereby aligning with goals for increasing diversity in indus-
trial plantations.
2. Material and methods
2.1. Sampling
Six-year-old eucalypt trees from 12 different species (E. botry-
oides, E. camaldulensis, E. globulus, E. grandis, E. maculata, E. ovata, E.
propinqua, E. resinifera, E. rudis, E. saligna, E. sideroxylon and E. vim-
inalis) were collected from an eucalypt arboretum located in the
fields of the School of Agriculture, University of Lisbon (ULisboa),
at Tapada da Ajuda, Lisboa, Portugal (38◦42′N; 09◦10′W). Three
trees per species were randomly selected from the arboretum. For
this study, a 10 cm thick disc was collected from each tree at stem
base, debarked, chipped and screened to an average dimension
of 8 × 4 × 3 mm. Wood chips from the same species were mixed,
homogenized and stored in single lots.
2.2. Chemical analysis
For the summative chemical analysis, samples of the 12 homog-
enized Eucalyptus lots were milled, sieved and the 40–60 mesh
fractions used.
Ash content was determined by TAPPI standard method T15 os-
58. Extractive content (successively in dichloromethane, ethanol
and water) was obtained using extraction thimbles in a Soxhlet
apparatus for no less than 16 h for each solvent. The thimbles
were oven-dried and weighted after each extraction determining
the extractive content by weight variation. Holocellulose, insoluble
and soluble lignin were determined in the extractive-free material
according to the modified chlorite method, TAPPI standard meth-
ods T222 om-88 and UM250 om-83, respectively. All analyses were
made in duplicate and average results reported as percentage of
initial mass.
Determination of the neutral monosaccharides and acetate
content in wood was based on the monomers present in the
hydrolysate from the lignin analysis, by separation through a
Dionex ICS-3000 High Pressure Ion Chromatography, using an
Aminotrap plus Carbopac SA10 column. The results were reported
as percentage of total sugars.
2.3. Kraft pulping
Kraft pulping was conducted in stainless steel microdigestors
(ca. 100 ml) under rotation in an oil bath. The pulping conditions
were: 10 g of oven-dry wood, liquid to wood ratio of 4:1; 22% active
alkalinity and 30% sulfidity as Na2O, respectively; 165 ◦C cooking
temperature; five minutes to achieve maximum temperature and
60 min reaction time under isothermal conditions. The solid residue
was defibrated and thoroughly washed with hot and cold water
until neutral pH. All species were pulped in quadruplicate and
reported as average.
2.4. Estimates of potential pulp production
For a rough comparison of potential pulp production of the dif-
ferent species at 6 years of age, the wood diameter at breast height
(1.3 m above ground level) was measured with two crossed mea-
surements. Wood basic density was determined as oven dried mass
by the saturated volume, using the standard immersion method
for volume determination. The potential pulp production was esti-
mated for each species for a reference of 1-m stemwood length
by calculating its volume (using the cross-sectional area at breast
height), wood mass (using the wood basic density) and kraft pulp
yield (KPY) as follows:
Potential pulp production = area at b.h.(m2) × density(kg/m3)
× 1m × KPY
2.5. Pulp characterization
Pulping yield was obtained gravimetrically by weighing the
oven-dry pulp and reported as percentage of the original wood.
Kappa number and polysaccharide degree of polymerization were
determined through TAPPI Useful Test Method UM 246 and SCAN-
CM 15:88, respectively. Black liquor total solids, sulfated ash and
organic matter content were obtained through TAPPI 625 cm-85
test method. Residual alkali was achieved by titrating a solution
with 10 ml of black liquor, 30 ml of water and 20 ml of BaCl2 (20%)
to 10.5 pH.
Pulp fiber morphological properties were determined with
MORFI LB01 Fiber Size Analyzer (TECHPAC, France), Schopper-
Riegler through ISO 5267-1 and WRV (water retention value) by
centrifuging samples of wet pulp for 15 min according to the
method reported in Silvy et al. (1968). Handsheets with basic
weight 60 g/m2 from unbeaten kraft pulp were produced and
conditioned following ISO 5269-1 and ISO 187 standard norms.
Properties (grammage, thickness, bulk, tensile index and tear
index) were determined through ISO 5270. Smoothness and air per-
meability (Bendtsen) measurements were measured with Model 6
Andersson and Sorensen and internal cohesion (Scott-Bond) was
measured with a Tester Model B (Precision Scientific Petroleum
Instruments, Illinois, USA).
3. Results and discussion
3.1. Chemical analysis
Table 1 presents the results for the chemical composition of the
12 species of Eucalyptus studied. Ash contents were low and sim-
ilar for all species (between 0.4 and 0.8%) with the exception of
E. maculata, which presented a higher value (2.2%). Ash values are
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Table 1
Chemical composition of 12 species of Eucalyptus as percentage of oven-dried wood.
E. camaldulensis E. rudis E. resinífera E. propinqua E. sideroxylon E. botryoides E. viminalis E. maculata E. saligna E. grandis E. ovata E. globulus
Ash 0.8 0.7 0.6 0.4 0.4 0.6 0.6 2.2 0.8 0.4 0.6 0.6
Total extractives 18.9 14.5 8.2 8.8 13.5 9.7 6.1 10.0 10.1 6.7 6.4 6.1
Dichloromethane 1.1 1.2 0.9 0.6 0.7 0.4 0.8 1.1 0.9 0.7 0.9 0.4
Ethanol 14.8 10.7 5.2 6.7 10.8 5.8 2.9 6.5 7.2 4.2 2.8 2.3
Water 3.0 2.7 2.1 1.5 2.0 3.5 2.3 2.4 2.0 1.8 2.7 3.4
Total lignin 24.0 26.8 30.8 29.9 26.6 27.1 26.8 21.6 26.6 27.8 26.0 24.8
Klason lignin 21.8 23.4 28.1 27.7 23.3 24.3 23.2 18.5 23.7 25.1 22.2 21.1
Soluble lignin 2.3 3.5 2.8 2.2 3.2 2.8 3.6 3.1 2.9 2.7 3.8 3.7
Holocellulose 55.4 59.0 61.0 62.7 61.1 64.7 68.1 64.8 64.2 66.8 68.3 70.1
1% NaOH solubles 29.7 23.4 22.1 18.9 23.3 18.3 17.8 20.3 21.5 17.1 19.8 17.4
similar to previous reports for some of these species such as E. glo-
bulus between 0.3 and 0.5% (Neiva et al., 2014; Malik et al., 2004;
Pereira, 1988; Miranda and Pereira, 2002; Pereira et al., 2011), E.
camaldulensis 0.4 and 1.3% (Khristova et al., 2006; Dutt and Tyagi,
2011), E grandis 0.3–2.9% (Dutt and Tyagi, 2011; Malik et al., 2004),
E. saligna 0.2 and 0.3% (Foelkel et al., 1975) and E. maculata 0.5%
(Foelkel et al., 1975). Low ash content is desirable since it negatively
affects many aspects of the pulping process, such as alkali con-
sumption, black liquor recovery operations and material handling
(Dutt and Tyagi, 2011). Regarding the extractives content, results
showed a large variability between species with E. camaldulensis
(18.9%) having more than three times the lowest values obtained
for E. viminalis and E. globulus (6.1%). Apolar extractives represent a
small fraction of the total extractives content with little variability
between species. Wood extractives, principally the aliphatic com-
pounds, have a detrimental effect in pulp yield, kappa number and
bleaching (Lourenço et al., 2010; Gominho et al., 2001; Baptista
et al., 2006) causing also pitch problems in the pulp or paper mill
production (Hillis and Sumimoto, 1989; Ogunwusi, 2012). The val-
ues found in the literature are lower than the ones presented in
this manuscript for all the species mainly because we used an
exhaustive and sequential extraction with three solvents with dif-
ferent degrees of polarity. For instance the result obtained for E.
camaldulensis is above the reported values e.g., Moussaouiti et al.
(2012) presented 6.7% and 6.6% of hot water and ethanol-toluene
extractives, respectively, and Fatehi et al. (2010) reported 8.9% of
ethanol-benzene extractives.
Lignin content for the different species showed a variation in
absolute values of 9.2%, from highest (E. resinifera, 30.8%) to lowest
(E. maculata, 21.6%) with 85–93% of the total lignin being insolu-
ble lignin (Klason lignin). Barrichelo and Foelkel (1976) presented
lignin contents similar to ours for 5-year-old E. saligna (26.3%)
and 7-year-old E. grandis (26.3%) and higher values for 11-year-
old E. viminalis (23.2%). Dutt and Tyagi (2011) determined higher
lignin values for E. grandis and E. camaldulensis of 29.3% and 33.2%
respectively for 4-year-old specimens, and Foelkel et al. (1975)
determined 17.5% Klason lignin for E. maculata, which is similar
to the value found in this work.
Total amount of polysaccharides (measured as holocellulose) for
these species was between 55.4–70.1%. High holocellulose content
in wood is desirable and is expected to be positively correlated to
pulp yield. E globulus showed the highest value of holocellulose,
with E. viminalis and E. ovata also with similar contents (68.1% and
68.4%, respectively). On the lower side, E. camaldulensis and E. rudis
only had 55.4% and 59% holocellulose content, respectively.
Table 2 presents the carbohydrates and acetates composition for
the 12 eucalypt species. All species have small amounts of arabinose
and galactose and the main difference resides in the relative pro-
portion between glucose (related mostly to cellulose) and xylose
(related only to hemicelluloses). Acetates are a resulting product
from the depolymerization of the hemicelluloses and the hydrolysis
of the acetyl groups (Spiridon and Popa, 2004).
3.2. Kraft pulping
Table 3 reports the pulp and black liquor results from the
cooking of the different eucalypts. The relatively high alkali charge
used was due to high extractives and lignin content presented by
some of the species studied. Temperature, reaction time and sulfid-
ity values were typical values used in industrial eucalypt pulping
to obtain pulps with kappa number below 17 (as targeted by the
industry). The use of the same reaction conditions may result in
excessive cooking for some eucalypts while others may still retain
high amounts of residual lignin. Therefore, species pulped below
kappa number 17 could be improved if the reaction conditions
were milder since harsher than necessary reaction conditions lead
to lower yield and higher carbohydrate degradation. As expected,
the wood from the different species produced pulps with different
characteristics regarding yield, kappa number and degree of poly-
merization. The black liquors also presented different attributes
although in a less pronounced way. The pulp yield achieved under
the same reaction conditions showed a large variation among
species, between 38.9% and 49.8% for E. camaldulensis and E. globu-
lus, respectively. These yields are directly related to the amount of
holocellulose present in the wood, with higher holocellulose con-
tent resulting in higher pulp yield (R2 = 0.84). Extractive content
showed a negative influence in yield but we found a poor relation
between these two parameters (R2 = 0.58). No relations were found
regarding lignin content and yield or kappa number.
E. ovata showed a great resemblance to E. globulus both in yield
and kappa number, and good results were also achieved by E. gran-
dis, E. saligna, E viminalis and E sideroxylon. On the lower side of
the ranking lie E. camaldulensis, E. rudis, E resinifera and E. propin-
qua due to low yield and high kappa number. E. botryoides and E
maculata produced pulps with average yields and higher kappa
numbers, which will increase chemical demand and harsher con-
ditions upon bleaching. Although having the lowest wood lignin
content and average amount of extractives E. maculata produced a
pulp with the highest amount of residual lignin, which might par-
tially be explained by the high density of this wood (767 kg/dm3,
Table 4), leading to poorer cooking liquor impregnation (Clark and
Hicks, 2003). Such results clearly show that the chemical composi-
tion alone will not explain the ease of delignification, with several
studies in the literature pointing to other important variables such
as wood density or type of lignin (S/G) present in its structure
(González-Vila et al., 1999; Lourenço et al., 2013; Foelkel, 2009).
In the literature, values for E. globulus kraft pulping ranged
from 44–56% yield and 11–20 kappa numbers (Neiva et al., 2014;
Wimmer et al., 2002; Ona et al., 2001; Barrichelo and Foelkel, 1976;
Santos et al., 2008) for a variety of experimental conditions and tree
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Table 2
Monosaccharides and acetates percentage in relation to total sugars for 12 species of Eucalyptus.
E. camaldulensis E. rudis E. resinífera E. propinqua E. sideroxylon E. botryoides E. viminalis E. maculata E. saligna E. grandis E. ovata E. globulus
Arabinose 1.2 1.1 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.0 1.1
Galactose 1.8 2.2 2.4 2.1 2.2 1.1 1.1 1.1 2.3 1.1 1.0 1.1
Glucose 62.3 65.5 63.5 68.6 61.0 68.2 63.1 63.3 65.0 68.0 63.6 64.3
Xylose 26.4 23.5 24.9 21.6 27.7 22.3 26.1 26.1 23.8 22.7 28.2 25.4
Acetates 8.3 7.7 8.0 6.6 7.9 7.3 8.5 8.5 7.8 7.1 6.1 8.1
Table 3
Pulp and black liquor characterization for the cooking of 12 species of Eucalyptus.
Pulp Black liquor
Yield (%) Kappa number DP Residual alkali (% as Na2O) Solids (%m/m) Sulphated ash (% as NaOH) Organic matter (%)
E. camaldulensis 38.9 ± 0.8 20.1 ± 1.5 3596 ± 242 1.23 ± 0.15 19.3 ± 0.5 30.1 ± 0.2 69.9 ± 0.2
E. rudis 41.3 ± 0.6 19.3 ± 0.4 3251 ± 391 1.76 ± 0.13 18.2 ± 0.5 30.4 ± 0.3 69.6 ± 0.3
E. resinifera 41.9 ± 0.8 17.2 ± 0.6 3236 ± 377 1.93 ± 0.17 19.0 ± 0.7 30.2 ± 0.4 69.8 ± 0.4
E. propinqua 42.2 ± 0.2 20.3 ± 0.8 3321 ± 281 2.17 ± 0.04 18.5 ± 0.7 31.0 ± 0.2 69.0 ± 0.2
E. sideroxylon 43.4 ± 0.2 14.9 ± 0.6 3211 ± 93 2.33 ± 0.20 17.9 ± 0.3 31.4 ± 0.3 68.6 ± 0.3
E. botryoides 44.3 ± 0.3 17.1 ± 0.6 3785 ± 324 1.72 ± 0.16 18.7 ± 0.4 30.6 ± 0.8 69.4 ± 0.8
E. viminalis 44.2 ± 0.3 14.8 ± 0.4 3183 ± 256 2.34 ± 0.16 17.8 ± 0.2 31.4 ± 0.3 68.6 ± 0.3
E. maculata 44.4 ± 0.4 24.2 ± 0.7 3552 ± 99 2.60 ± 0.02 17.9 ± 0.6 33.1 ± 0.3 66.9 ± 0.3
E. saligna 44.6 ± 0.4 14.1 ± 0.8 2937 ± 255 2.34 ± 0.08 17.9 ± 0.7 32.0 ± 0.3 68.0 ± 0.3
E. grandis 45.6 ± 0.3 14.5 ± 0.4 3133 ± 145 2.50 ± 0.13 18.0 ± 0.3 31.4 ± 0.1 68.6 ± 0.1
E. ovata 48.6 ± 0.1 13.2 ± 0.6 3069 ± 360 2.58 ± 0.08 17.5 ± 0.9 33.3 ± 0.5 66.7 ± 0.5
E. globulus 49.8 ± 0.2 11.6 ± 0.6 3188 ± 248 2.93 ± 0.15 17.2 ± 0.2 33.1 ± 0.8 66.9 ± 0.8
ages. Dutt and Tyagi (2011), Ona et al. (2001) and Rahmati et al.
(2007) found, for E camaldulensis values in the range of 37.3–51.8%
and 20–34 for yield and kappa number, respectively. Values for E.
saligna (47–49% yield, 15–19 kappa number), E. grandis (46–50%
yield, 14–21 kappa number), E. viminalis (44–51% yield, 11–18
kappa number), E. propinqua (45% yield, 24 kappa number) and E.
maculata (45–52 yield, 16–19 kappa number) were found in other
studies (Clark and Hicks, 2003; Dutt and Tyagi, 2011; Foelkel, 1974;
Foelkel et al., 1975; Barrichelo and Foelkel, 1976).
The residual alkali in the black liquor is an important param-
eter that relates to the extent of chemical reagents consumed in
both delignification and extractives/carbohydrates extraction and
degradation reactions. In the present case, the effective alkali used
at the beginning of the pulping was 18.7% as Na2O in relation to the
eucalypt wood. As can be seen in Table 3, E. camaldulensis almost
exhausted the reagents; and therefore, even if the reaction time
could be extended little profit would be obtained. The same applies
to some extent for E. rudis, E. resinifera, E. propinqua and E. botry-
oides, meaning that under these reaction conditions it would be
difficult to achieve pulps with lower kappa numbers. On the other
hand for E. maculata a higher reaction time could have continued
the delignification and therefore lower the kappa number but at
the expense of a decrease in pulp yield.
High extractive content in wood leads to higher chemical
demand; and therefore, it was expected that E. sideroxylon (13.5%
extractives) would have worst results regarding kappa number and
residual alkali in relation to some other species. For the pulps that
attained low kappa numbers and still maintained some effective
alkali, continuing the reaction would probably be detrimental since
the selectivity decreases with the extent of delignification, leading
to the loss of carbohydrates polymers rather than lignin.
Since high content of solids in the black liquor results in higher
adiabatic combustion temperature in the recovery boiler (Dutt and
Tyagi, 2011), the higher the original solid content of the black liquor
the less energy demand is needed at the evaporation sequence to
reach the optimal consistency to burn. From the results, we can
infer that the lower the yield the higher the percentage of solids
and organic matter in the liquor. For example pulp yields from
E. camaldulensis (38.9%) and E. globulus (49.8%) correspond to the
highest and lowest amount of solid content in respective black
liquors (19.3% and 17.2%, respectively).
3.3. Potential pulp production
Table 4 shows the average wood diameter and wood basic
density and an estimated potential pulp production for each euca-
lypt species (estimated for a 1-m longer log of 6-year-old trees).
Wood basic density for commercial pulpwoods is usually within
400–600 kg/m3 although higher values can be accepted for specific
papers (Clark and Hicks, 2003). All the species tested were within
this interval, except for E. propinqua and E. maculata with higher val-
ues. E. camaldulensis presented the lowest diameter and pulp yield
and therefore, was the lowest ranked in pulp production estimates.
At the highest position of the ranking was E. globulus. E. maculata,
due to the high wood density, obtained values above other woods
with better pulping yields. It must be stressed that the different tree
growth between species is only indicative for the edaphoclimatic
conditions of this arboretum. Therefore low species performance
Table 4
Tree diameter, wood density and comparative pulp production estimates per unit (m) log length (kg m−1) at 6 years of age for the 12 species of Eucalyptus.
E. camaldulensis E. rudis E. resinífera E. propinqua E. sideroxylon E. botryoides E. viminalis E. maculata E. saligna E. grandis E. ovata E. globulus
Diameter (cm) 10.2 13.0 16.3 16.5 16.2 24.0 17.4 18.0 18.5 17.0 20.3 23.1
Density
(kg/m3)
500 507 400 629 565 476 501 767 451 503 465 577
Potential pulp
production
(kg m−1) in 6
years
62 86 86 138 125 159 121 193 117 123 144 209
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Table 5
Morphological properties of pulp fibers from 12 Eucalyptus species.
E. camaldulensis E. rudis E. resinífera E. propinqua E. sideroxylon E. botryoides E. viminalis E. maculata E. saligna E. grandis E. ovata E. globulus




569 626 629 614 568 719 598 748 708 759 608 727
Width (m) 19.7 19.2 19.3 18.8 16.8 19.6 18.4 18.0 19.6 18.9 19.4 18.2
Coarseness
(mg/100 m)
6.8 6.0 5.7 7.6 5.9 6.3 4.6 8.4 6.6 6.1 5.9 6.7
Kinked fibers (%) 21.9 19.2 17.6 21.8 20.4 26.3 21.4 27.1 21.0 24.3 21.5 33.1
Curl (%) 5.4 5.2 5.0 5.5 5.3 6.1 5.3 6.2 5.3 5.7 5.5 6.8
Fine elements % in
area
16.2 15.1 12.6 18.5 14.4 12.7 9.1 15.6 12.2 10.3 13.5 13.0
regarding diameter growth might be due to inadaptation and these
rankings should be considered with caution and certainly should
not be generalized to other environments.
3.4. Pulp morphological properties
Table 5 shows the morphological properties of the fibers
obtained by the kraft pulping of the 12 different eucalypt species.
Eucalypt pulp fibers are considered short fibers, normally with
length between 0.6 and 0.85 mm (Foelkel, 2007). In the present
case, most of the species yielded fibers within those values with
slightly shorter fibers for E. camaldulensis and E. sideroxylon. The
fiber width was relatively similar between species varying between
16.8 and 19.7 m. Malik et al. (2004) reported values of fiber length
(760 m and 840 m) and fiber width (15 m and 19 m) for E. glo-
bulus and E. grandis, respectively. Hicks and Clark (2001) reported
fiber length values between 570 and 700 m for E. globulus, 510
and 680 m for E. viminalis and 840 m for E. maculata. Coarse-
ness is a parameter related to the fiber wall thickness, fiber width,
cell wall porosity and solid removal in cooking. The highest value
was in E. maculata (8.4 mg/100 m) and the lowest in E. viminalis
(4.6 mg/100 m). Fiber population is inversely proportional to fiber
coarseness and fiber length; the good correlation (R2 = 0.82), high-
light the importance of the fiber coarseness on the fiber population.
These three fiber parameters have an important impact on apparent
paper density (Kibblewhite and Riddell, 2000).
Normally the lower the kink and curl fiber percentage the higher
the rigidity, coarseness and fiber width. In this specific case we did
not find any correlation between those variables and coarseness.
The only value found in the literature to compare with our results
was for E. globulus industrial pulp (28.7% kinked fibers and 7.28%
curl) by Baptista et al. (2014), which was very similar to ours.
3.5. Handsheet properties
Handsheet properties for the 12 eucalypt pulps produced are
presented in Table 6. These properties relate to the unbeaten
unbleached pulps obtained under the same delignification condi-
tions, as explained previously. The freeness of the eucalypt pulp
suspensions, presented through the Schopper-Riegler degree (◦SR)
showed a great variation between species, with E. maculata (16)
and E. resinifera (27) showing the highest and lowest drainability.
According to Foelkel (2007), the unbeaten pulp initial ◦SR should
be between 16 and 24, which was the case for the different pulps
with E. rudis and E. resinifera falling a bit over.
Water retention value (WRV) is a combined effect of physical
and chemical properties that measures the pulps’ water affin-
ity. This property is important since it is related to the paper
machine runnability, affecting dewatering, drainage, drying and
consequently the quality of the paper and the cost to produce it.
Too high WRV also limits the beating process that increases the
strength properties of the pulp. A range of WRV for previously
Fig. 1. Relation between bulk and tear/tensile index for the 12 species of Eucalyptus.
dried unbeaten eucalypt pulps was reported between 100 and 130%
(Foelkel, 2007). In the present study, E. camaldulensis, E rudis, E.
resinifera and E. ovata pulps achieved higher values.
Regarding ISO brightness, E. globulus and E. viminalis showed
the highest values (41%) while on the lower side, E. camaldulensis
showed only 29%. The higher the residual lignin and extractives
content the lower ISO brightness is expected since these compo-
nents are the ones which give the color to the pulp. Oudia et al.
(2004) found similar results for E. globulus (40–45%) in pulps with
kappa number between 16 and 18. Khristova et al. (2006) reported
for E. camaldulensis pulps with kappa number 24.4 ISO brightness
of 25.9%.
Handsheet bulk is considered a critical property when assessing
fiber type for different pulp and paper grades. It is a measure of
fiber packing density and web structural organization (Kibblewhite,
1999; Kibblewhite and Riddell, 2000; Kibblewhite et al., 2000a).
Higher bulk indicates lower fiber conformity and a more open struc-
ture of the fiber matrix (Ferreira et al., 2013), resulting in lesser
fiber bonding ability, lower paper strength and higher porosity.
The correlation between this property with tensile and tear index
is demonstrated in Fig. 1. Three pulps (E. propinqua, E. sideroxylon
and E. maculata) showed the highest bulk and consequently the
lowest tear index (between 2.9 and 3.6 mN.m2/g) and tensile index
(16.4–18.5 Nm/g). Although it is possible to increase the strength of
the pulp by refining, the original values suggest a bad pulp strength
behavior in comparison with the other species. For E. propinqua,
E. sideroxylon and E. maculata, handsheets’ air permeability also
achieved the highest values (1883–2490 ml/min). All other species
showed lower bulk values and higher strength properties.
A typical data sheet with average results for the pulping of E.
globulus (with kappa number between 12 and 17) obtained by a
Portuguese pulp and paper mill showed an initial freeness of 18 ◦SR,
tear index 4.4 mN m2/g and tensile index 32.9 N m/g. Comparing the
strength properties between this typical data with our result, we
can see that, with the exception of E. propinqua. E. sideroxylon and E.
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Table 6
Handsheet properties for the 12 species of Eucalyptus.
E. camaldulensis E. rudis E. resinífera E. propinqua E. sideroxylon E. botryoides E. viminalis E. maculata E. saligna E. grandis E. ovata E. globulus
◦SR 24.0 26.0 27.0 20.5 20.5 21.0 24.0 16.0 19.5 21.5 24.5 19.0
WRV (%) 137 137 133 114 107 127 126 99 118 113 133 112
Grammage (g/m2) 63.2 62.7 64.7 63.7 64.1 63.8 62.2 63.7 60.0 64.1 64.1 63.6
Thickness (mm) 0.108 0.100 0.100 0.134 0.127 0.104 0.086 0.136 0.102 0.108 0.100 0.112
Bulk (cm3/g) 1.71 1.59 1.54 2.11 1.98 1.63 1.38 2.13 1.69 1.69 1.55 1.76
Air permeability
(mL/min)
656 447 365 2029 1883 700 376 2490 1143 1171 350 1500
Smoothness
(mL/min)
779 640 526 823 577 238 452 230 1047 1158 187 443
Tear index
(mN m2/g)
5.6 8.5 11.8 3.6 3.1 11.6 11.5 2.9 9.4 13.2 10.1 8.6
Scott bond (J/m2) 192 166 181 90 72 142 166 63 103 122 169 116
Tensile index
(Nm/g)
28.1 40.5 39.8 18.5 20.6 39.3 43.4 16.4 38.1 36.5 40.0 32.5
ISO brightness (%) 29 37 33 32 36 33 41 32 36 36 40 41
maculata, all other species showed better tear index and similar or
higher tensile index. Regarding freeness, all laboratory pulps except
E. maculata (16 ◦SR) had a higher value of ◦SR than the industrial
pulp, certainly due to the higher fines content of the laboratorial
pulps.
These results suggest that handsheet properties of E. camaldu-
lensis, E. botryoides, E. viminalis, E. saligna, E. grandis, E. ovata and
E. globulus are approximate to the unbeaten unbleached average
industrial sheet properties of E. globulus commercial used for pro-
ducing printing and writing papers.
Low bulk, high numbers of short fibers of low collapse resis-
tance and coarseness are unsuitable for most eucalypt kraft end
uses, namely office papers (Kibblewhite, 1999; Kibblewhite and
McKenzie, 1999). E. viminalis, with the highest amount of fibers
per gram (41.4 million), lowest coarseness (4.6 mg/100 m) and bulk
(1.38 cm3/g) appears therefore to be unsuitable for office papers
production, at least under the present reaction conditions.
To produce highly porous and tissue papers, pulp needs to have
specific characteristics such as: low fiber population, high coarse-
ness, low fines, low bonding ability, low water retention value and
low unbeaten pulp Schopper Riegler (Foelkel, 2009). In this study,
E. maculata, presented the lowest fiber population (18.3 million/g),
highest coarseness (8.4 g/100 m), low bonding ability (lowest val-
ues for Scott bond, tear and tensile index), lowest water retention
value (99%) and lowest Schopper Riegler for unbeaten pulp thus,
making it an ideal candidate for this end use. E. propinqua also
appears to have good characteristics for this type of paper.
4. Conclusions
The 12 Eucalyptus species analyzed in this study differed sub-
stantially from each other in terms of chemical composition, kraft
cooking, fiber morphology and handsheet characteristics. Overall
our results indicate that among the species analyzed E. globulus pre-
sented the best results in terms of combined kraft and handsheet
properties. This result is not surprising considering that E. globu-
lus is one of the most widely used species in temperate regions
for the pulp and paper industry. Nevertheless, our analysis also
showed that under the same circumstances (edaphoclimatic tree
growth conditions and wood pulping parameters), other species
such as E. ovata, E. grandis, E. saligna and E. botryoides also perform
well regarding printing and writing end use and E. maculata and E
propinqua regarding tissue paper end use. Such species can poten-
tially be used as alternatives (or even first choice) in areas where
ecological or operational constraints rule out the plantation of E.
globulus. On the other hand, E. camaldulensis, E. rudis, E. resinifera, E.
sideroxylon and E viminalis presented low pulping or paper poten-
tial under the pulping conditions tested here. However tailoring
the pulping conditions to the specific species could improve its
performance.
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